The so-called zigzag edge of graphenes theoretically has localized electrons due to the presence of flat energy bands near the Fermi level. The localized electron spins are strongly polarized, resulting in ferromagnetism. We fabricate graphenes with honeycomb-like arrays of hydrogen-terminated and low-defect hexagonal nanopores by a nonlithographic method using nanoporous alumina templates. We report large-magnitude room-temperature ferromagnetism caused by electron spins localizing at the zigzag nanopore edges. This promises to be a realization of rare-element free, controllable, transparent, flexible, and mono-atomic layer magnets and novel spintronic devices.
Ferromagnetism arisen from only carbon atoms is important, because it can realize rare-element free magnets, which overcome energy-resource threats. Many theories have predicted it. In particular, edge atomic structures of graphene have been of great interest. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 17, 18 The zigzag edge of graphene ( Fig. 1(a) ) has theoretically a high electronic density of states (EDOS; edge states) owing to its strongly localized electrons, which originate from the presence of flat energy bands near the Fermi level. 1 The localized edge electron spins are stabilized and strongly polarized (i.e., (anti)ferromagnetism) depending on the exchange interaction between the two edges, which forms a maximum spin ordering in these orbitals similar to the case of Hund's rule for atoms (e.g., the localized edge spins in a graphene nanoribbon (GNR) ( Fig. 1(a) ) [1] [2] [3] [4] [5] [6] [7] [8] [11] [12] [13] 17 and in graphene with hexagonal nanopore arrays ( Fig. 1(a) ) 14, 15 ). Moreover, spin ordering strongly depends on the termination of edge dangling bonds by foreign atoms (e.g., hydrogen (H)) and those numbers that result in the formation of edge p and r orbitals. 3, 4 From another theoretical viewpoint, Lieb's theorem predicts that an increase in the difference between the number of removed A and B sites of the graphene bipartite lattice at zigzag edges induces net magnetic moments and yields ferromagnetism, particularly in nano-size graphene flakes and nanopores. 6 However, few studies have experimentally reported existence of ferromagnetism to arise from zigzag-edge-localized spins in graphenes. This is because lithographic fabrication method easily gives damages (defects, disorder) to graphene edges.
In the present study, low-defect graphene nanopore arrays (GNPAs) with honeycomb-like arrays of hexagonal nanopores ( Fig. 1 ) are fabricated on a large ensemble of mechanically exfoliated graphenes by non-lithographic method using a nanoporous alumina template (NPAT) 16 (supplemental material (SM) ( (1), (4)) 20 ). Using the NPAT as a mask, assembled graphenes were etched by carefully optimized conditions using low-power Ar gas to avoid giving damage to the pore edges (SM (2), (3), (11)). 20 The boundaries of nanopores are not intentionally aligned along the hexagonal carbon lattice of graphene in this process. After formation of the nano-pore array on graphenes, the NPAT mask was entirely dissolved by a H 3 PO 4 solution (or detached mechanically from the GNPAs in some cases), and (2011) then, all multi-layer GNPA flakes were also entirely removed (SM (13)). 20 After then, the GNPAs were annealed in high vacuum and then in hydrogen gas (SM (14)). 20 These annealing processes also give the pore edge states high chemical stability.
Figure 1(a) shows the schematic view of GNPA with zigzag pore edges. An AFM image of a GNPA formed by carefully optimized low-power Ar gas etching using NPAT masks are presented in Fig. 1(b) . It provides a clear evidence of the hexagonal shape of the nanopores. Figure 1(c) shows an STM image obtained in a GNPA with H termination (SM (5)). 20 The figure demonstrates the presence of high EDOS (white regions) at the pore edges on the surface of a graphene layer and consequent electron localization, although the high EDOS is smeared because of the blurring by the tip of the STM probe top. This suggests the possible presence of a zigzag atomic structure at the nanopore edges.
Figures 1(d) and 1(e) show typical Raman spectra of a GNPA prior and after annealing, respectively. They emphasize that the intensity of D peak, I(D), is significantly reduced after annealing, and thus, the I(D)/I(G) value drastically decreases from 0.6-0.8 to less than $0.5 by annealing (inset of Fig. 1(e) ). In particular, samples 1-4 exhibit I(D)/ I(G) as low as below 0.2. The low I(D)/I(G) values conventionally suggest high-quality carbon crystals with a low volume of defects (disorder, impurities). This result is very different from those reported in previous studies of ferromagnetism in carbon-based systems, where a large volume of defects or disorder was present. In Ref. 11, we actually proved that defects and disorders in GNRs could be drastically reduced by high-temperature annealing at 800 C. More importantly, the low I(D)/I(G) value implies not only a reduction of defects but also an enhanced alignment of pore boundaries to the pure zigzag edges by reconstruction due to high-temperature annealing from the following two reasons, although we have not performed intentional alignment of the pore edges to pure zigzag structure. (1) Reference 9 reported that edge chirality can be distinguished by observation of I(D) of graphene edges being stronger (weaker) at the armchair (zigzag) edges. This is because the double resonance process, which induces D peak, can be fulfilled only at an armchair edge when the one-dimensional character of the edge is considered. 9 Indeed, Ref. 9 exhibited I(D)/I(G) value <0.1 for observation of zigzag edge of graphene flakes by using angle-dependent Raman spectroscopy with polarized laser beam. It is qualitatively consistent with Fig. 1(e) . (2) The low I(D)/I(G) values are also qualitatively consistent with reported for GNPAs in Ref. 14, whose hexagonal-pore boundaries are intentionally aligned along the carbon hexagonal lattice by specified method, resulting in formation of the pure zigzag pore edges. We did not intentionally align edge atomic structures to zigzag unlike Ref. 14. Reference 10, however, suggested that Joule heating of a mixture of zigzag and armchair edges in graphitic nanoribbons reconstructs towards mostly zigzag edges. In our system, we argue that high-temperature (800 C) annealing for narrow ($20 nm) GNRs can play the role similar to that of Joule heating. This is also consistent with the STM observation ( Fig. 1(c)) (SM (11) ). 20 Figure 2 shows magnetization curves for the Hterminated GNPA (sample 2 in inset of Fig. 1(e) ) for different W. Ferromagnetic-hysteresis loops with large amplitude are clearly observed. One finds that the magnitude of the residual magnetization is inversely proportional to W value (inset of Fig. 2(c) ). This result is qualitatively consistent with theories for GNR model according to which the edge spin stability and ordering of a zigzag-edge GNR are determined by the exchange interaction between the two edges leading to the vanishing of ferromagnetic edge spin ordering with increase of W. Such behavior cannot be attributed to the ferromagnetism originating from the defects located only at nanopore edges or in the bulk graphene between nanopores. In the former case, ferromagnetism would be mostly independent of W, while in the latter case, ferromagnetism amplitude would increase with an increase of W. The ferromagnetism can remain at least for 1 week even under air atmosphere at room temperature, suggesting strong chemical stability of the pore-edge H-C bonds due to the annealing. To date, approximately 50% of the samples (5 of the 11 samples measured, which include samples 1-4 showing the low I(D)/I(G) values in the inset of Fig. 1(e) ) have shown ferromagnetism.
In contrast, this feature becomes a diamagnetism-like weak hysteresis loop for oxygen-terminated GNPAs (SM (6)- (8)). 20 Bulk graphenes without nanopores and those assembled with NPATs show mostly no such features even   FIG. 2 . Magnetization of hydrogen-terminated GNPAs at 300 K with u $ 80 nm for different interpore spacing W, which corresponds to the mean width of GNRs. DC magnetization was measured by a superconducting quantum interference device (SQUID; Quantum Design). Magnetic fields were applied perpendicular to GNPAs. The vertical axes in panels denote magnetic moment per localized-edge p orbital, assuming mono-hydrogenation of individual edge carbon atoms. Difference in magnetic moment between upper and lower curves of hysteresis loop at H ¼ 0 (residual magnetization B r Â 2) and the loop width at zero magnetic moment (coercivity H c Â 2) are $0.28 l B and $400 gauss, $0.2 l B and$260 gauss, $0.12 l B and $500 gauss for (a)-(c), respectively. Inset of (c): Residual magnetization vs. W. 2011) after H 2 annealing, implying that no parasitic factors (e.g., defects, impurities) of bulk graphenes contribute to the ferromagnetism (SM (9)).
183111-
2 Tada et al. Appl. Phys. Lett. 99, 183111 (
20
In addition to sample 2, samples 1, 3, and 4 showing the low I(D)/I(G) values (the inset of Fig. 1(e) ) exhibited similar ferromagnetism. Moreover, no damages or impurities are reconfirmed in most of the bulk-graphene regions, because mechanically exfoliated bulk graphenes show an extremely low I(D)/I(G) ratio(( 0.1) and a high 2D peak intensity in the Raman spectroscopy. This is consistent with the absent ferromagnetism in bulk-graphenes. Consequently, we conclude that the observed ferromagnetism is not of parasitic origins (e.g., defects, impurities) but should be purely attributed to H-terminated nanopore edges.
For further reconfirmation of correlation of the observed ferromagnetism with the zigzag pore edge, we performed magnetic force microscope (MFM) observations (Fig. 3) . The interpore regions, which correspond to GNRs, exhibit mostly uniform darker color that means higher density of polarized spins, in all parts. This suggests that the observed ferromagnetism is attributed not to defects (disorders), which exists at random, but to all interpore GNR regions, although poor resolution does not allow direct observation of edgelocalized spins. In particular, the parts indicated by two arrows evidently imply contribution of the pore edges to ferromagnetism.
In order to estimate the magnetic moment of edge carbon atoms which contributes to ferromagnetism (Fig. 2) , we employed the GNR model [1] [2] [3] [4] [5] assuming pure zigzag pore edges at all regions (SM (10)). 20 Assuming that only edge dangling bonds have localized spin moments, the magnetic moment per one localized-edge p orbital (i.e., edge dangling bond after mono-H termination) is estimated to be $0.3l B according to the steps explained in SM (10) and (11) . 20 In contrast, one can admit that a small disorder may still present in actual pore edges, because the I(D)/I(G) values in Fig. 1(e) are still not extremely low. In order to elucidate the influence of such residual small-volume disorder on magnetism of GNPA, we performed systematic first-principles calculations of electronic and magnetic properties of quasi-GNR structures, which assumes the slightly curved upper edge (i.e., disorder). The calculated net magnetic moment follows Lieb's theorem 6 with local moments up to 0.25 l B per edge atom as shown in Fig. 3(b) and they depend on magnitude of the assumed edge curvature. These values agree fairly well with the value estimated from the GNR model. In order to determine which models (GNR and Lieb's theorem) are more relevant to the actual structures, observation of pore edge atomic structures is indispensable (SM (12)). 20 Recently, it has been reported that nitrophenyl fictionalization of delocalized p-orbital of bulk graphenes can also lead to ferromagnetism (SM (15)). 19, 20 Moreover, our observations pave a way towards realization of creation of graphene spintronic devices (SM (16)). 
